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Abstract

Di(2-ethylhexyl) phthalate (DEHP) is a ubiquitous environmental toxicant found in consumer
products that causes ovarian toxicity. Antral follicles are the functional ovarian units and must
undergo growth, survival from atresia, and proper regulation of steroidogenesis to ovulate and
produce hormones. Previous studies have determined that DEHP inhibits antral follicle growth and
decreases estradiol levels in vitro; however, the mechanism by which DEHP elicits these effects is
unknown. The present study tested the hypothesis that DEHP directly alters regulators of the cell
cycle, apoptosis, and steroidogenesis to inhibit antral follicle functionality. Antral follicles from
adult CD-1 mice were cultured with vehicle control or DEHP (1-100pg/ml) for 24-96 hr to
establish the temporal effects of DEHP on the follicle. Following 24-96 hr of culture, antral
follicles were subjected to gene expression analysis, and media were subjected to measurements of
hormone levels. DEHP increased the mRNA levels of cyclin D2, cyclin dependent kinase 4, cyclin
E1, cyclin A2, and cyclin B1 and decreased the levels of cyclin-dependent kinase inhibitor 1A
prior to growth inhibition. Additionally, DEHP increased the mRNA levels of BCL2-associated
agonist of cell death, BCL2-associated X protein, BCL2-related ovarian killer protein, B-cell
leukemia/lymphoma 2, and Bcl2-like 10, leading to an increase in atresia. Further, DEHP
decreased the levels of progesterone, androstenedione, and testosterone prior to the decrease in
estradiol levels, with decreased mRNA levels of side-chain cleavage, 17a-hydorxylase-17,20-
desmolase, 173-hydroxysteroid dehydrogenase, and aromatase. Collectively, DEHP directly alters
antral follicle functionality by inhibiting growth, inducing atresia, and inhibiting steroidogenesis.
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INTRODUCTION

Di(2-ethylhexyl) phthalate (DEHP) is the most commonly used phthalate ester, and it is
predominantly used in the manufacturing of a wide range of polyvinyl chloride consumer,
medical, and building products to impart flexibility [1, 2]. Because of its incorporation in
numerous commonly used consumer products, DEHP is produced in vast quantities.
Domestic production of dioctyl phthalates, a subgroup of phthalate esters in which DEHP is
classified, exceeds 300 million pounds annually [2]. Humans are exposed to DEHP on a
daily basis via oral ingestion, inhalation, and dermal contact [1]. This is because DEHP is
non-covalently bound to the plastic, allowing the chemical to frequently leach out into the
environment and in the products that humans consume on a daily basis [1]. In fact, it is
estimated that the range of daily human exposure to DEHP is between 3-30 ug/kg/day [3, 4].
Continuous, daily exposure to DEHP is a major concern because DEHP and its metabolite
mono(2-ethylhexyl) phthalate (MEHP) have been identified in human blood samples [5, 6],
urine samples [1, 5-9], amniotic fluid samples [10-12], cord blood samples from newborns
[13, 14], breast milk samples [6], and in ovarian follicular fluid samples tested [15],
indicating the ability of these chemicals to reach the ovary.

Important for public health, DEHP is a known endocrine disrupting chemical and
reproductive toxicant [1, 2]. In women, chronic occupational exposure to phthalates is
associated with an increased risk of miscarriage and a decreased rate of pregnancy [1]. In
laboratory animals, DEHP causes pregnancy complications, including reduced
implantations, increased resorptions, and decreased fetal weights of offspring [16, 17].

The mechanisms by which DEHP disrupts these endocrine and reproductive events remain
unknown, but interestingly, antral follicles from the ovary are critical regulators of these
processes. Follicles are the functional units of the ovary, and the antral follicle is the most
mature follicle type. Antral follicles are the major sources of sex steroid hormone production
in the female and are the only follicle type capable of ovulation [18]. Normal antral follicle
function requires follicle growth, survival from atresia, and appropriate regulation of
steroidogenesis [18].

Antral follicle growth is predominantly regulated by proliferation of granulosa cells and
theca cells, which are somatic cells located in the follicle [18]. Proliferation of these cells,
like most mammalian cells, is regulated by cyclins, cyclin dependent kinases, and cyclin
dependent kinase inhibitors [19-21]. Although some antral follicles are rescued from atresia
and ovulate in a female’s reproductive lifespan, the vast majority of follicles (99%) are lost
via atretic demise [18, 22]. The regulation of follicular atresia involves a balance of pro- and
anti-apoptotic factors that signal through the B cell leukemia/lymphoma 2 (BCL2) signaling
pathway promoting caspase-induced apoptosis [23-28]. Antral follicle production of sex
steroid hormones, a process termed ovarian steroidogenesis, is also essential for
reproductive and non-reproductive health [29-46]. Steroidogenesis is the enzymatic
conversion of cholesterol to 17p-estradiol and other necessary sex steroid hormones.

Interestingly, recent work also suggests that DEHP targets the ovary and adversely affects
antral follicle functionality. Specifically, in vivo studies using oral exposure to DEHP have
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shown that DEHP decreases serum estradiol levels, decreases aromatase levels, decreases
antral follicle size, causes anovulation, and disrupts estrous cyclicity [47-51]. Further,
studies using ovarian granulosa cell cultures and minced ovary cultures show that DEHP
also decreases estradiol and aromatase levels [52, 53]. Our group has also reported that
DEHP inhibits antral follicle growth and decreases estradiol and aromatase levels in a whole
antral follicle culture system following 96 hrs of culture [54]. However, few studies have
investigated the effects of DEHP on the precursor hormones and enzymes upstream of
estradiol and aromatase. Further, the direct effect of DEHP on antral follicle atresia is
unclear. Additionally, the mechanisms by which DEHP disrupts antral follicle growth,
health, and steroidogenesis remain unknown.

The present study was designed to conduct a time-course study using an antral follicle
culture system to investigate the initial and time specific DEHP-induced defects in antral
follicle growth, atresia, and steroidogenesis upstream of the previously reported effects on
estradiol. Specifically, we tested the hypothesis that DEHP directly alters regulators of the
cell cycle, apoptosis, and steroidogenic pathway to inhibit antral follicle growth, induce
atresia, and inhibit steroid production. To test this hypothesis, antral follicles were cultured
with vehicle or DEHP for 24, 48, 72, and 96 hrs. Following culture, antral follicles were
collected for histological evaluation of atresia and the measurements of mMRNA levels of
regulators of the cell cycle (Ccnd2, Cdk4, Ccnel, Ccna2, Ccnbl, and Cdknla), apoptosis
(Bad, Bax, Bok, Bcl2, Bcl2110, Casp8, and Casp3), and the enzymes responsible for
generating estradiol (Star, Cypllal, Hsd3bl, Cypl7al, Hsd17bl, and Cypl9al). Further,
media were collected for the measurements of antral follicle produced progesterone, DHEA,
androstenedione, testosterone, estrone, and estradiol.

MATERIALS AND METHODS

Chemicals

DEHP (99% purity) was purchased from Sigma-Aldrich (St. Louis, MO). Stock solutions of
DEHP were prepared using dimethylsulfoxide (DMSO) (Sigma-Aldrich, St. Louis, MO) as
the vehicle in various concentrations (1.33, 13.3, and 133 mg/ml). This allowed for an equal
volume of each stock to be added to the culture wells to control for vehicle concentration.
Final concentrations of DEHP in culture were 1, 10, and 100 pg/ml, which is approximately
equivalent to 2.77, 27.7, and 277 uM respectively.

The concentrations of DEHP were chosen based their ability to cause inhibition of antral
follicle growth, decreased estradiol production from antral follicles, and decreased antral
follicle Cyp19al expression [54, 55]. These concentrations of DEHP also have been
determined to be clinically relevant in reproductive and non-reproductive cell and tissue
cultures [56-58]. Additionally, the selected concentrations of DEHP are environmentally
relevant. Plasma concentrations of DEHP in healthy women have been reported to be 0.18
ug/ml, and peritoneal fluid concentrations of DEHP in these women were reported to be
0.46 pg/ml, which are close to the lowest concentration in this study [59]. The no-observed-
adverse-effect level (NOAEL) for DEHP is 5.8 mg/kg/day which equates to 14.3 uM [2]. In
addition, patients undergoing consistent medical care have markedly higher levels of DEHP
than healthy people due to the extensive use of DEHP in medical care products [60, 61]. In
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intensive neonatal care units, patients receiving blood transfusions have plasma levels of
DEHP at 11.1 pg/ml [62]. Further, the lowest-observed-adverse-effect level (LOAEL) of
DEHP is 140 mg/kg/day, which equates to 344.6 uM [2]. Each of the selected concentrations
of DEHP falls below the LOAEL concentration.

Cycling, adult CD-1 female mice (34-37 days of age) were obtained from Charles River
Laboratories (Wilmington, MA). The mice were housed in groups of 4 in the College of
Veterinary Medicine Animal Facility at the University of Illinois at Urbana-Champaign and
were allowed to acclimate to the facility prior to experimentation. The mice were housed in
a controlled animal room environment (temperature at 22 + 1 °C and 12-hour light-dark
cycles) and were provided food and water ad libitum. The Institutional Animal Use and Care
Committee at the University of Illinois at Urbana-Champaign approved all procedures
involving animal care, euthanasia, and tissue collection.

In vitro antral follicle culture

Unprimed, female CD-1 mice were euthanized and their ovaries were aseptically removed
for antral follicle isolation. Antral follicles were isolated from the ovary based on relative
size (250-400 pm) and were cleaned of interstitial tissue using watchmaker’s forceps [63,
64]. At least 2-3 mice were used in each experiment, in which we could obtain
approximately 20-30 antral follicles per mouse. Each treatment group contained 10-16
follicles. Isolated antral follicles were randomly and individually plated in wells of a 96-well
culture plate containing unsupplemented a-minimal essential medium (a-MEM, Life
Technologies, Grand Island, NY) prior to treatment.

Treatment groups included DMSO (vehicle control) and DEHP (1, 10, and 100 pg/ml) and
were prepared in supplemented a-MEM. Supplemented a-MEM contained 1% ITS (10
ng/ml insulin, 5.5 ng/ml transferrin, 5.5 ng/ml selenium, Sigma-Aldrich, St. Louis, MO),
100 U/ml penicillin (Sigma-Aldrich, St. Louis, MO), 100 mg/ml streptomycin (Sigma-
Aldrich, St. Louis, MO), 5 IU/ml human recombinant follicle-stimulating hormone (FSH;
Dr. A. F. Parlow, National Hormone and Peptide Program, Harbor-UCLA Medical Center,
Torrance, CA), and 5% fetal calf serum (Atlanta Biologicals, Lawrenceville, GA) as
described previously [63, 64]. An equal volume of chemical (0.75 pl/ml of media) was
added for each dose to control for the amount of vehicle in each preparation (final
concentration of DMS0=0.075%). Each follicle was cultured in 150 pl of medium for 24-96
hr in an incubator at 37°C supplying 5% CO,. Following each 24 hr culture window, media
were collected for measurements of the levels of sex steroid hormones and follicles were
collected, snap-frozen, and stored at —80°C for gene expression analysis. Further, follicles
were collected following 96 hr of culture and processed for histological analysis of atresia.
A time-course was conducted to observe when the effects of DEHP on antral follicle growth,
atresia, and steroidogenesis begin and to determine which enzymes and/or hormones cause
the inhibition of growth and reduction of estradiol production from antral follicles following
96 hr as reported previously [54].
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Histological analysis of antral follicle atresia

Following 96 hr of culture, antral follicles were collected and processed for histological
evaluation of atresia as described previously (n=10-16 follicles/3 separate experiments) [65,
66]. Briefly, each section of the follicle was observed for the presence of apoptotic bodies,
which is a morphological sign of apoptosis. Based on the abundance of apoptotic bodies, the
follicles were scored on a 1-4 scale. A rating of 1 indicated a healthy follicle without
apoptotic bodies, a rating of 2 indicated the presence of apoptotic bodies encompassing
1-10% of the follicle section, a rating of 3 indicated the presence of apoptotic bodies
encompassing 11-30% of the follicle section, and a rating of 4 indicated the presence of
apoptotic bodies encompassing >30% of the follicle section. Atresia ratings were reported
based on the average of all ratings throughout the follicle sections.

Analysis of gene expression

After 24, 48, 72, and 96 hr of culture, antral follicles were snap frozen in liquid nitrogen,
and stored at —80°C for quantitative real-time polymerase chain reaction (QPCR) analysis
(n=10-16 follicles/3-9 separate experiments). We elected to focus on mRNA gene
expression analysis based on the limited amount of sample that can be retrieved from antral
follicles. Total RNA (200 ng) was extracted from the follicles using the RNeasy Micro Kit
(Qiagen, Inc., Valencia, CA) according to the manufacturer’s protocol, and was then reverse
transcribed to complementary DNA (cDNA) using the iScript RT kit (Bio-Rad Laboratories,
Inc., Hercules, CA) according to the manufacturer’s protocol. Each cDNA sample was
diluted 1:4 using nuclease-free water prior to gPCR analysis. Analysis of qPCR was
conducted using the CFX96 Real-Time PCR Detection System (Bio-Rad Laboratories, Inc.,
Hercules, CA) and accompanying CFX Manager Software according to the manufacturer’s
protocol. All gPCR reactions were done in triplicate using 1 pl cDNA, forward and reverse
primers (5 pmol) for Ccnd2, Cdk4, Ccnel, Ccna2, Ccnbl, Cdknla, Bad, Bax, Bok, Bcl2,
Bcl2110, Casp8, Casp3, Star, Cypllal, Hsd3bl, Cypl7al, Hsd17bl, Cypl9al, Cyplbl, or
Actb, in addition to a SsoFastEvaGreen Supermix for a final reaction volume of 10 pl.
Specific gPCR primers (Integrated DNA Technologies, Inc., Coralville, 1A) for the genes of
interest as well as the reference gene, beta-actin (Actb), which did not differ across treatment
groups, can be found in the supplemental data. The genes tested were chosen because they
are regulators of cell cycle (Ccnd2, Cdk4, Cenel, Cena2, Cenbl, and Cdknla) [19, 20, 67,
68], apoptosis (Bad, Bax, Bok, Bcl2, Bcl2|10, Casp8, and Casp3) [23-26, 69], and ovarian
steroidogenesis (Sar, Cypllal, Hsd3bl, Cypl7al, Hsd17bl, and Cyp19al) [70-73].

The CFX96 machine quantifies the amount of PCR product generated by measuring
SsoFastEvaGreen dye (Bio-Rad Laboratories, Inc., Hercules, CA) that fluoresces when
bound to double-stranded DNA. The gPCR program consisted of an enzyme activation step
(95°C for 1 min), an amplification and quantification program (40 cycles of 95°C for 10 sec,
60°C for 10 sec, single fluorescence reading), a step of 72°C for 5 min, a melt curve (65°C-
95°C heating 0.5°C per sec with continuous fluorescence readings), and a final step at 72°C
for 5 min as per the manufacturer’s protocol. Expression data were generated using the
mathematical standard comparative (AACt) method. The ACt was calculated by subtracting
the Actb Ct value from the gene of interest Ct value. The AACt was calculated as the
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difference between the ACt between the treatment groups and the DMSO groups. The
relative fold-change of expression was then equaled to 2(-2ACY for each sample.

Analysis of sex steroid hormone levels

After 24, 48, 72, and 96 hr of culture, media were subjected to enzyme-linked
immunosorbent assays (ELISAS) for the measurements of the levels of
dehydroepiandrosterone (DHEA), progesterone, androstenedione, testosterone, estrone, and
17p-estradiol. ELISA kits were purchased from Diagnostics Research Group (DRG,
Mountainside, NJ) (n=10-16 wells of pooled media containing follicles/3-9 separate
experiments). The analytical sensitivity of each kit was 0.044 ug/ml for DHEA, 0.1 ng/mL
for progesterone, 0.019 ng/mL for androstenedione, 0.083 ng/mL for testosterone, 6.3
pg/mL for estrone, and 9.71 pg/mL for estradiol. The assays were performed following the
manufacturer’s protocol. All samples were run in duplicate and all intra- and inter-assay
coefficients of variability were less than 10%. Some samples were diluted to match the
dynamic range of each ELISA kit. Mean values for each sample were used in this analysis.
These steroid hormones were chosen because of their necessity for normal female
reproductive function and endocrinology. Further, these hormones serve as precursors for
estradiol production, and estradiol production has been shown to be reduced in response to
DEHP treatment [54].

Statistical analysis

RESULTS

All data were analyzed using SPSS statistical software (SPSS, Inc., Chicago, IL). Data were
expressed as means * standard error of the means (SEM), and at least three separate
experiments were conducted for each treatment group prior to data analysis. Multiple
comparisons between normally distributed experimental groups were made using one-way
analysis of variance (ANOVA) followed by Tukey post-hoc comparison. Multiple
comparisons between non-normally distributed experimental groups were made using the
Kruskal Wallis test when appropriate. Statistical significance was assigned at p < 0.05.

Effect of DEHP on antral follicle growth and the mRNA levels of key regulators of the cell

cycle

As previously reported, DEHP exposure for 72 and 96 hr inhibits antral follicle growth in
vitro [54, 55]. To confirm this, antral follicles were cultured with vehicle control (DMSO) or
DEHP (1-100ug/ml) for 96 hr, and follicle diameters were measured on a perpendicular axis
every 24 hr. Similar to the previous reports, DEHP exposure for 72 hr inhibited antral
follicle growth by roughly 10% at the 10 and 100ug/ml doses when compared to the vehicle
control group (data not shown). Also comparable to the previous studies, DEHP exposure
for 96 hr inhibited antral follicle growth by roughly 15% at all selected doses of DEHP
when compared to the vehicle control group (data not shown).

Because DEHP has been shown to inhibit antral follicle growth in vitro beginning at 72 hr,
we investigated the initial effects and potential mechanisms by which DEHP inhibits antral
follicle growth. Specifically, we subjected antral follicles to gPCR following 24, 48, and 72
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hr of culture to investigate the direct effects of DEHP on the mRNA levels of key cyclins,
cyclin dependent kinases, and cyclin dependent kinase inhibitors, which are heavily
involved in follicular cell proliferation and ultimately antral follicle growth [18-20]. Cyclins
(Ccnd2, Cenel, Cena2, and Cenbl) and cyclin dependent kinases (Cdk4) promote
progression through the cell cycle, whereas cyclin dependent kinase inhibitors (Cdknla, also
known as p21) promote cell cycle arrest.

DEHP exposure for 24 hr significantly increased the mRNA levels of Ccnd?2 at the 1pg/ml
dose when compared to the vehicle control group (Fig. 1A, n=3, p<0.05). Similarly, DEHP
exposure for 72 hr significantly increased the mRNA levels of Ccnd2 at the 10ug/ml dose
when compared to the vehicle control group (Fig. 1A, n=5-9, p<0.05). DEHP exposure for
72 hr also increased the mRNA levels of Cdk4 at the 10pg/ml dose when compared to the
vehicle control group (Fig. 1B, n=5-9, p<0.05). Further, DEHP exposure for 48 and 72 hr
increased the mRNA levels of Ccnel at the 100ug/ml dose when compared to the vehicle
control group (Fig. 1C, n=5-9, p<0.05). The mRNA levels of Ccna2 were significantly
increased following 24 hr at the 1ug/ml dose and following 72 hr at the 10ug/ml dose when
compared to the vehicle control group (Fig. 1D, n=3-9, p<0.05). Strikingly, DEHP exposure
for 48 and 72 hr significantly increased the mRNA levels of Ccnbl at all selected doses
when compared to the vehicle control group (Fig. 1E, n=5-9, p<0.05). The mRNA levels of
the inhibitor Cdknla were significantly decreased by the 1 and 100ug/ml doses following 48
hr when compared to the vehicle control group (Fig. 1F, n=5-8, p<0.05).

Effect of DEHP on antral follicle atresia

An important aspect of antral follicle health and functionality is survival from atresia, which
is an apoptotic process. Although we have previously determined that DEHP exposure
inhibits antral follicle growth and decreases antral follicle-produced estradiol levels [54, 55],
the direct effects of DEHP on antral follicle atresia were unknown. Thus, we cultured antral
follicles with vehicle control (DMSO) or DEHP (1-100ug/ml) for 96 hr and processed the
follicles for histological evaluation of atresia. Atresia was rated by the presence of apoptotic
bodies. A representative image of a DMSO treated follicle is displayed in Fig. 2A, whereas a
representative image of a DEHP 100ug/ml treated follicle is exhibited in Fig. 2B.
Qualitatively, it appears that DEHP treatment increased the presence and abundance of
apoptotic bodies within the follicular unit when compared to the vehicle control treated
follicles. When quantified, DEHP exposure for 96 hr significantly increased the number of
apoptotic bodies, represented by a higher atresia rating, at the 10 and 100ug/ml doses when
compared to the vehicle control group (Fig. 2C, n=3, p<0.05).

Effect of DEHP on the antral follicle mRNA levels of key regulators of apoptosis

Although atresia is a natural occurrence in antral follicles, an increase in atresia can have
negative impacts on ovarian and reproductive health [18, 22]. Because we observed an
increase in antral follicle atresia following 96 hr of DEHP exposure, we investigated the
initial effects and potential mechanisms by which DEHP induces atresia, or apoptosis, in the
antral follicle. Specifically, antral follicles were cultured with vehicle control (DMSO) or
DEHP (1-100ug/ml) for 24-72 hr. Following 24, 28, and 72 hr of culture, we subjected
antral follicles to gPCR to investigate the direct effects of DEHP on the mRNA levels of
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factors that drive apoptosis to promote atresia (Bad, Bax, and Bok) and factors that inhibit
apoptosis to promote follicle survival (Bcl2 and Bcl2110). DEHP exposure significantly
increased the mRNA levels of pro-apoptotic Bad following 24 hr at the 1ug/ml dose and
following 48 hr at the 100ug/ml dose when compared to the vehicle control group (Fig. 3A,
n=3-8, p<0.05). DEHP exposure also significantly increased the mRNA levels of pro-
apoptotic Bax following 24 hr at all selected doses of DEHP and following 72 hr at the 1 and
10ug/ml doses when compared to the vehicle control group (Fig. 3B, n=3-9, p<0.05). The
MRNA levels of pro-apoptotic Bok were significantly increased following 24 hr at the
1ug/ml dose and following 72 hr at the 10pug/ml dose when compared to the vehicle control
group (Fig. 3C, n=3-9, p<0.05). Interestingly, DEHP exposure for 24, 48, and 72 hr
significantly increased the mRNA levels of anti-apoptotic Bcl2 at the 1 and 10pg/ml doses
when compared to the vehicle control group (Fig. 3D, n=3-9, p<0.05). Similarly, the mRNA
levels of anti-apoptotic Bcl2|10 were significantly increased following 48 hr at all selected
doses of DEHP and following 72 hr at the 10 and 100ug/ml doses when compared to the
vehicle control group (Fig. 3E, n=5-9, p<0.05).

Apoptosis and cell survival rely on the balance of pro- and anti-apoptotic factors, and often
the Bax/Bcl2 ratio is used to determine susceptibility to apoptosis [74, 75]. Following gPCR
analysis, we calculated the Bax/Bcl2 ratio at 24, 48, and 72 hr of culture. Interestingly,
DEHP exposure significantly decreased the Bax/Bcl2 ratio following 48 hr at the 1ug/ml
dose when compared to the vehicle control group (Fig. 3F, n=5-8, p<0.05).

Effect of DEHP on the antral follicle mRNA levels of downstream apoptosis factors

The present study indicates that DEHP exposure induced atresia in cultured mouse antral
follicles; however, DEHP exposure also increased the mRNA levels of both pro- and anti-
apoptotic BCL2 regulators of apoptosis. In addition, the Bax/Bcl2 ratio is relatively
unchanged in response to DEHP exposure. In order to confirm the histological presence of
atresia in the antral follicles, we measured the levels of key downstream facilitators of
apoptosis. Specifically, we subjected antral follicles to qPCR following 24, 48, and 72 hr of
culture to measure the mMRNA levels of Casp8 and Casp3. These caspases are known
executors of apoptosis that initiate the disassembly and degradation of the cell in response to
pro-apoptotic BCL2 signaling [27, 28]. DEHP exposure significantly increased the mRNA
levels of Casp8 following 72 hr at the 10 and 100ug/ml doses when compared to the vehicle
control group (Fig. 4A, n=5-9, p<0.05). Interestingly, DEHP exposure significantly
increased the mRNA levels of Casp3 following 24 hr at the 1 and 100pug/ml doses when
compared to the vehicle control group, but this effect was not observed following 48 hr of
exposure (Fig. 4B, n=3-9, p<0.05). However, following 72 hr of exposure, DEHP
significantly increased the mRNA levels of Casp3 at all selected doses of DEHP when
compared to the vehicle control group (Fig. 4B, n=5-9, p<0.05).

Effect of DEHP on antral follicle-produced sex steroid hormone levels

Previous studies have determined that DEHP exposure decreases estradiol levels both in
vivo [47-50] and invitro [52, 53]. Similar to previous studies, we have reported that DEHP
exposure for 96 hr decreases estradiol levels in an in vitro antral follicle culture system [54].
However, the direct effects of DEHP at earlier time-points of exposure and on the estradiol
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precursor sex steroid hormones are relatively unknown. Thus, we conducted a time-course
experiment to investigate the effects of DEHP upstream of estradiol production and to
observe the initial effects of DEHP on antral follicle steroidogenesis. DEHP exposure
significantly decreased the levels of progesterone following 48 and 72 hr at all selected
doses of DEHP when compared to the vehicle control group (Fig. 5A, n=5-9, p<0.05).
DEHP exposure also significantly decreased the levels of DHEA following 72 hr at the
10ug/ml dose when compared to the vehicle control group (Fig. 5B, n=5-9, p<0.05).
Similarly, androstenedione levels were significantly decreased following 48 hr at all selected
doses of DEHP, following 72 hr at the 10 and 100ug/ml doses, and following 96 hr at the
100pg/ml dose when compared to the vehicle control group (Fig. 5C, n=5-9, p<0.05).
Likewise, DEHP exposure significantly decreased the levels of testosterone following 48 hr
at all selected doses of DEHP, following 72 hr at the 10 and 100pug/ml doses, and following
96 hr at all selected doses of DEHP when compared to the vehicle control group (Fig. 5D,
n=5-9, p<0.05). Similar to our previously published study [54], DEHP exposure
significantly decreased estradiol levels following 96 hr at the 10 and 100pug/ml doses when
compared to the vehicle control group; but interestingly and not previously reported, DEHP
exposure for 72 hr also decreased estradiol levels at all selected doses of DEHP when
compared to the vehicle control group (Fig. 5F, n=5-9, p<0.05). In contrast, DEHP exposure
had no effect on the levels of estrone at each time-point tested when compared to the vehicle
control group (Fig. 5E, n=3-9).

Effect of DEHP on the antral follicle mRNA expression of key steroidogenic enzymes

Previous studies have determined that DEHP exposure decreases the ovarian mRNA levels
of Cypl19al, also known as aromatase, in vivo [47, 76] and in an in vitro antral follicle
culture system following 96 hr [54]. Similar to the effects on the levels of steroid hormones,
not much is known about the direct effects of DEHP on the steroidogenic enzymes upstream
of Cypl19al. Because we observed decreases in the levels of estradiol and its precursor sex
steroid hormones across multiple time-points, we investigated the initial effects and
potential mechanisms by which DEHP inhibits steroidogenesis. Specifically, antral follicles
were cultured with vehicle control (DMSQO) or DEHP (1-100pug/ml) for 24-96 hr. Following
each 24 hr time-point, antral follicles were subjected to qPCR to investigate the direct
effects of DEHP on the estradiol biosynthesis enzymes (Sar, Cypllal, Hsd3bl, Cypl7al,
Hsd17b1l, and Cypl9al), which convert cholesterol to estradiol in a step-wise manner.
DEHP exposure significantly decreased the mRNA levels of Cypl1al following 72 hr at the
10 and 100ug/ml doses when compared to the vehicle control group (Fig. 6B, n=5-9,
p<0.05). Beginning at 48 hr, DEHP exposure significantly increased the mRNA levels of
Hsd3b1 at the 100pg/ml dose when compared to the vehicle control group (Fig. 6C, n=5-8,
p<0.05). Further, DEHP exposure significantly decreased the mRNA levels of Cypl7al
following 96 hr at the 100ug/ml dose when compared to the vehicle control group (Fig. 6D,
n=5-9, p<0.05). Meanwhile, there was a trend for a significant decrease in the mRNA levels
of Cypl7al following 72 hr at the 100ug/ml dose and following 96 hr at the 1pg/ml dose
when compared to the vehicle control group (Fig. 6D, n=5-9). Beginning at 48 hr, there was
a trend for a significant increase in the mRNA levels of Hsd17b1 at all selected doses tested,
and this trend persists through 72 hr with statistical significance at the 10ug/ml dose (Fig.
6E, n=5-9, p<0.05). However, by 96 hr, the mRNA levels of Hsd17b1 were significantly
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decreased at the 100ug/ml dose when compared to the vehicle control group (Fig. 6E, n=5-9,
p<0.05). Similarly, there was a trend for a significant increase in the mRNA levels of
Cypl19al at all selected doses tested following 48 hr, with a statistical significance at the
1ug/ml dose when compared to the vehicle control group (Fig. 6F, n=5-8, p<0.05). By 96 hr,
there was a significant decrease in the mRNA levels of Cyp19al at the 100pg/ml dose (Fig.
6F, n=5-9, p<0.05). In contrast, DEHP exposure had no effect on the mRNA levels of Star at
each time-point tested when compared to the vehicle control group (Fig. 6A, n=3-9).

DISCUSSION

We utilized an in vitro antral follicle culture system to investigate the effects of DEHP, a
ubiquitous endocrine disrupting chemical, on antral follicle growth, atresia, and
steroidogenesis. Our main findings suggest that DEHP exposure alters the follicular mRNA
levels of cyclins, a cyclin dependent kinase, and a cyclin dependent kinase inhibitor to
potentially impact the previously observed effect of DEHP-induced inhibition of antral
follicle growth [54, 55]. Further, our work demonstrates that DEHP exposure directly
induces antral follicle atresia as evident via histological evaluation and increased mRNA
levels of caspases, and that alterations in the mMRNA levels of BCL2 family members may be
responsible for the DEHP-induced onset of atresia. Additionally, we have shown that DEHP
directly impacts the production of sex steroid hormones upstream of estradiol and alters the
MRNA levels of the estradiol biosynthesis enzymes upstream of Cyp19al. Importantly, we
have established a time-course of the DEHP-induced defects on antral follicles, and we have
determined the initial effects of DEHP on antral follicle growth, atresia, and steroidogenesis.

The use of this antral follicle culture system is vital in understanding the direct effects of
DEHP on the most mature, and only, follicle type that is capable of ovulation and synthesis
of steroid hormones. Previous work has investigated the effects of DEHP exposure on antral
follicle growth and steroidogenesis in vivo showing that DEHP decreased antral follicle
diameter, and decreased the levels of serum estradiol produced by the antral follicles
[47-50]. The limitation of these previous studies is that they did not determine whether the
effects on antral follicle size and estradiol production were direct effects on the follicle or
were indirect effects caused by toxicity in other organ systems, namely the hypothalamus-
pituitary axis. To combat this limitation, previous studies have shown that DEHP and MEHP
decreased estradiol production and Cypl19al levels in murine and human granulosa cell
cultures invitro [53, 77-80]. However, the limitation of these studies is that they only
utilized one somatic follicular cell type. Antral follicle growth, survival from atresia, and
steroidogenesis rely on the multi-directional communication between the oocyte, granulosa
cells, and theca cells [18, 22, 72, 73]. Thus, although previous studies have been
instrumental in understanding the defects caused by DEHP, the in vitro whole antral follicle
culture system has proved to be a novel approach in understanding the direct effects of
DEHP on antral follicle functionality [57, 81].

Our results indicate that DEHP directly inhibits antral follicle growth and dysregulates the
expression of cell cycle regulators. We have previously reported that DEHP exposure
decreased the antral follicle mRNA levels of Ccnd2 and Cdk4 following 96 hr [54].
Expanding upon these findings, we have established the time-course effects of DEHP on the
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antral follicle levels of several cyclins, Cdk4, and Cdknla. Contrary to the findings at 96 hr,
DEHP exposure prior to 96 hr increased the mRNA levels of Ccnd2, Cdk4, Ccnel, Ccna2,
and Ccnbl. Further, DEHP exposure decreased the mRNA levels of the inhibitor Cdknla.
The earliest effect of DEHP on the regulators of the cell cycle was observed following 24 hr
of exposure, where DEHP exposure increased the mMRNA levels of Ccnd2 and Ccna2, but
only at the lowest dose. The most striking finding is that DEHP exposure increased Ccnbl
following 48 and 72 hr at all selected doses. That, as well as the increases in the other
cyclins and Cdk4, and decreases in Cdknla suggests that early exposure to DEHP may result
in an initial push for cell cycle progression and proliferation to combat the toxicity of
DEHP. This potentially is why we do not observe growth inhibition prior to 72 hr of DEHP
exposure. This compensatory response, however, is not enough to prevent the DEHP-
induced inhibition of growth following 72 hr, and this compensation is completely ablated
by 96 hr of exposure because follicle growth is further inhibited and the mRNA levels of
Ccnd2 and Cdk4 are decreased in response to DEHP treatment [54]. This compensation,
nevertheless, may explain why we do not observe complete antral follicle growth inhibition,
but rather the growth of the DEHP treated follicles is inhibited by roughly 15% of control
treated follicles [55]. Interestingly, the 1ug/ml dose of DEHP is the only dose that does not
inhibit antral follicle growth following 72 hr. This is likely because the 1pg/ml dose is the
only dose to have compensatory increases in cyclins at the earliest time-point tested, while
both the 10 and 100ug/ml doses show no signs of compensation at 24 hr of exposure.

For an antral follicle to function properly, it must remain viable by escaping atresia [18].
Atresia is a natural process by which follicles undergo demise via apoptosis [22]. Following
96 hr of treatment, DEHP exposure at the 10 and 100ug/ml doses directly increased the
number of apoptotic bodies found in the antral follicles leading to an increase in the atresia
rating. This increase in atresia dramatically affects the health of the antral follicle and
possibly can have lasting impacts on reproductive and non-reproductive health. This
expands upon previous studies, where exposure to DEHP and its metabolite MEHP induced
apoptosis in ovarian cells in vivo [82, 83] and in vitro [84-86].

Follicular atresia is primarily regulated by the balance of pro-apoptotic factors (such as Bad,
Bax, and Bok) and anti-apoptotic factors (such as Bcl2 and Bcl2110) [23-26, 69]. Our
findings that DEHP exposure may affect the expression of pro-apoptotic and anti-apoptotic
factors expand upon previous studies that suggest DEHP causes oxidative stress in antral
follicles following 24 hr of exposure [55]. Further, oxidative stress has been shown to be a
regulator of atresia [87-92]. Therefore, it appears that DEHP exposure initially induces
oxidative stress and increases pro-apoptotic factors or congruently induces oxidative stress
and increases pro- and anti-apoptotic factors following 24 hr of exposure. Following 48 hr of
exposure, the two anti-apoptotic factors tested are elevated to combat the initial increase in
pro-apoptotic factors, and this occurs in the general absence of an increase in pro-apoptotic
factors. However, pro-apoptotic factors again became elevated following 72 hr of exposure.
It appears that the compensatory increases in Bcl2 and Bcl2110 occur after the onset of
oxidative stress and increases in pro-apoptotic factors, and this compensation is not enough
to alleviate the atresia observed at the 10 and 100ug/ml doses following 96 hr of exposure.
However, increases in BCL2 can potentially have pro-apoptotic implications. When BCL2 is
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cleaved by caspases, studies have reported that BCL2 may acquire pro-apoptotic properties
[93]. In support of this hypothesis, both Casp8 and Casp3 are increased following DEHP
treatment in the present study. Thus, even though DEHP increases anti-apoptotic factors, it
is possible that these factors have pro-apoptotic activities, and DEHP increased downstream
apoptotic caspases further suggesting an increase in apoptosis. Interestingly, atresia is not
observed at the 1pg/ml dose, and this is likely attributed to the decrease in the Bax/Bcl2 ratio
following 48 hr of exposure and the absence of DEHP-induced oxidative stress in the
previously mentioned study at the 1pg/ml dose [55].

Proper regulation of antral follicle steroidogenesis is essential for reproductive and non-
reproductive health because defects in hormone production, even upstream of estradiol, can
lead to anovulation, infertility, premature ovarian failure, cardiovascular disease,
osteoporosis, mood disorders, and even premature death [29-46]. We have previously
reported that DEHP exposure directly decreased estradiol levels in the antral follicle culture
system following 96 hr at the 10 and 100ug/ml doses, but few studies have investigated the
effects of DEHP upstream of estradiol. [54]. Expanding upon previous findings and to
understand the mechanism by which DEHP disrupts steroidogenesis, we established the
time-course effects of DEHP on the levels of antral follicle-produced sex steroid hormones.
Prior to the observed decrease in estradiol levels, DEHP exposure decreased the levels of
several precursor steroid hormones. The earliest time-point of the inhibition of
steroidogenesis occurs following 48 hr of exposure, where DEHP decreased the levels of
progesterone, androstenedione, and testosterone at all selected doses tested. This decrease
persists following 72 hr, where DEHP exposure decreased the levels of progesterone,
DHEA, androstenedione, testosterone, and even estradiol. Similarly, DEHP exposure
following 96 hr decreased the levels androstenedione, testosterone, and estradiol. Estradiol
production requires the presence of these upstream steroid hormones to be converted to
downstream hormones and ultimately estradiol [18, 72, 73]. Thus, it is likely the lack of
precursor hormones following 48 hr of exposure that leads to the decrease in estradiol levels
following 72 hr and ultimately 96 hr of exposure.

Estradiol biosynthesis involves the strict coordination of the steroidogenic enzymes present
in the theca and granulosa cells that convert the precursor sex steroid hormones to estradiol
[72, 73]. We have previously reported that DEHP exposure directly decreased the antral
follicle mMRNA levels of Cyp19al, which is the downstream enzyme that converts androgens
to estrogens [54]. However, few studies have investigated the effects of DEHP upstream of
Cyp19al. Thus, we established the time-course effects of DEHP on the mRNA levels of
each steroidogenic enzyme responsible for generating estradiol. The initial effects of DEHP
exposure on the mRNA levels of the steroidogenesis occurred following 48 hr of exposure.
DEHP exposure increased the mRNA levels of Hsd3b1 (which converts pregnenolone to
progesterone and DHEA to androstenedione) at the 100ug/ml dose and Cyp19al at the
1pg/ml dose. Interestingly, DEHP increased the mRNA levels of Hsd17b1 (which converts
androstenedione to testosterone and estrone to estradiol) following 72 hr of exposure at the
10ug/ml dose. Also following 72 hr of exposure, DEHP decreased the mRNA levels of
Cypl1al (which converts cholesterol to pregnenolone). Following 96 hr of exposure, DEHP
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decreased the mRNA levels of Cypl7al (which converts pregnenolone to DHEA and
progesterone to androstenedione), Hsd17b1, and Cyp19al at the 100pug/ml dose.

Initially, it appears that selected steroidogenic enzymes increase transcription to compensate
for the decrease in steroid hormones following 48 hr of exposure. This compensation,
however, is not adequate to restore the levels of androstenedione, testosterone, and estradiol
to control levels. Although there is not a difference in the levels of progesterone following
96 hr, it is not because the toxicity of DEHP on progesterone production is alleviated. In
fact, progesterone levels remain constant throughout culture, and it is the vehicle control
group that decreases production of progesterone from 72 to 96 hr of exposure. A similar
phenomenon occurs with DHEA and androstenedione, where the levels of the hormones in
the vehicle control group decrease from 72 to 96 hr of exposure. At this time-point in
culture, it is likely that the antral follicles are shifting production of these precursor
hormones to favor the production of the downstream hormones, testosterone, estrone, and
estradiol. This effect was also seen in previous studies that investigated the time-course
effects of bisphenol A on mouse antral follicles in vitro [94, 95]. Following 96 hr of
exposure, the compensatory increase in the steroidogenic enzymes is lost at the 100pug/ml
dose because of a decrease in the rate limiting enzymes, Cypl7al, Hsd17bl, and Cypl9al.
However, this does not explain the decrease in estradiol levels at the 10pg/ml dose. It is
most likely that the absence of precursor hormones leads to the decrease in estradiol
following 96 hr of exposure at the 10ug/ml dose, whereas it is both the absence of precursor
hormones and decrease in steroidogenic enzyme levels that lead to the decrease in estradiol
levels following 96 hr of exposure at the 100ug/ml dose. Further, in the general absence of
decreased steroidogenic enzyme expression, it is possible that ongoing apoptosis in the
granulosa cells contributes to a loss of steroidogenically active cells, potentially leading to a
decrease in precursor hormone levels. Conversely, even though the levels of precursor
hormones are decreased at the 1ug/ml dose, the moderate increases in the mRNA levels of
Hsd17b1 and Cypl19al following 48 and 72 hr of exposure at the 1ug/ml dose appear to be
adequate in restoring estradiol levels to control levels following 96 hr of exposure.

In conclusion, we have utilized the novel antral follicle culture system to establish the direct
and temporal effects of DEHP on antral follicle growth, atresia, and steroidogenesis.
Collectively, our results indicate that DEHP inhibits follicle growth potentially via
dysregulation of the cell cycle, induces atresia potentially via dysregulation of apoptosis,
and inhibits steroidogenesis potentially via the lack of upstream sex steroid hormones and
disruption of the steroidogenic enzymes. These effects of DEHP are of concern because they
can negatively impact ovulation, initiation and maintenance of pregnancy, estrous cyclicity,
maintenance of the reproductive tract, and non-reproductive health [29-46]. Although the
processes of growth, atresia and steroidogenesis are linked in certain aspects, the mechanism
of the temporal relationship of the three aspects of follicular function has yet to be
elucidated [18, 73]. Further, studies should be done to explore the reasons for the non-
monotonic dose responses observed for some endpoints in response to DEHP.
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Figure 1. Effect of DEHP on the antral follicle mRNA expression of key regulators of the cell

cycle

Antral follicles were isolated from adult CD-1 mice and were cultured with vehicle (DMSQO)
or DEHP (1-100ug/ml) for 24-72 hr. Following each 24 hr time-point, antral follicles were
pooled per treatment group and were subjected to gPCR for the measurements of Ccnd2
(panel A), Cdk4 (panel B), Ccnel (panel C), Ccna2 (panel D), Ccnbl (panel E), and Cdknla
(panel F). All values were normalized to Actb. Graph represents means + SEM from 3-9
separate experiments, with 10-16 follicles/treatment group in each experiment. Asterisks (*)
represent significant difference from vehicle control (p < 0.05).
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Figure 2. Effect of DEHP on antral follicle atresia
Antral follicles were isolated from adult CD-1 mice and were cultured with vehicle (DMSQ)

or DEHP (1-100ug/ml) for 96 hr. Following 96 hr, antral follicles were processed for
histological evaluation of atresia. A representative image of a DMSO treated follicle is
found in panel A. A representative image of a DEHP 100 pg/ml is found in panel B. Atresia
ratings were assigned based on the presence of apoptotic bodies. A rating of 1 indicated a
healthy follicle without apoptotic bodies, a rating of 2 indicated the presence of apoptotic
bodies encompassing 1-10% of the follicle section, a rating of 3 indicated the presence of
apoptotic bodies encompassing 11-30% of the follicle section, and a rating of 4 indicated the
presence of apoptotic bodies encompassing >30% of the follicle section. Graph represents
means + SEM from 3 separate experiments, with 10-16 follicles/treatment group in each
experiment. Asterisks (*) represent significant difference from vehicle control (p < 0.05).
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Figure 3. Effect of DEHP on the antral follicle mRNA expression of key regulators of apoptosis
Antral follicles were isolated from adult CD-1 mice and were cultured with vehicle (DMSQO)

or DEHP (1-100ug/ml) for 24-72 hr. Following each 24 hr time-point, antral follicles were
pooled per treatment group and were subjected to gPCR for the measurements of Bad (panel

A), Bax (panel B), Bok (panel C), Bcl2 (panel D), Bcl2110 (panel E). All values were

normalized to Actb. Further, ratios of Bax values/Bcl2 values were calculated (panel F).

Graph represents means £ SEM from 3-9 separate experiments, with 10-16 follicles/

treatment group in each experiment. Asterisks (*) represent significant difference from

vehicle control (p < 0.05).
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Figure 4. Effect of DEHP on the antral follicle mRNA expression of downstream apoptosis

factors

Antral follicles were isolated from adult CD-1 mice and were cultured with vehicle (DMSQO)
or DEHP (1-100ug/ml) for 24-72 hr. Following each 24 hr time-point, antral follicles were
pooled per treatment group and were subjected to gPCR for the measurements of Casp8
(panel A) and Casp3 (panel B). All values were normalized to Actb. Graph represents means
+ SEM from 3-9 separate experiments, with 10-16 follicles/treatment group in each
experiment. Asterisks (*) represent significant difference from vehicle control (p < 0.05).
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Figure 5. Effect of DEHP on antral follicle-produced sex steroid hormone levels
Antral follicles were isolated from adult CD-1 mice and were cultured with vehicle (DMSQ)

or DEHP (1-100ug/ml) for 24-96 hr. Following each 24 hr time-point, media were pooled
per treatment group and were subjected to ELISAs for the measurements of progesterone
(panel A), dehydroepiandrosterone (panel B), androstenedione (panel C), testosterone (panel
D), estrone (panel E), and estradiol (panel F). Graph represents means + SEM from 3-9
separate experiments, with medium from 10-16 wells/treatment group in each experiment.
Hormones with ND (not detectable) at certain time-points had levels of that hormone below
threshold detection. Asterisks (*) represent significant difference from vehicle control (p <
0.05).
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Figure 6. Effect of DEHP on the antral follicle mRNA expression of key steroidogenic enzymes
Antral follicles were isolated from adult CD-1 mice and were cultured with vehicle (DMSQ)

or DEHP (1-100ug/ml) for 24-96 hr. Following each 24 hr time-point, antral follicles were
pooled per treatment group and were subjected to gPCR for the measurements of Sar (panel
A), Cypllal (panel B), Hsd3b1 (panel C), Cypl7al (panel D), Hsd17b1 (panel E), and
Cyp19al (panel F). All values were normalized to Actb. Graph represents means + SEM
from 3-9 separate experiments, with 10-16 follicles/treatment group in each experiment.
Asterisks (*) represent significant difference from vehicle control (p < 0.05).
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